ABSTRACT: Spatial distribubon of biomass of euphausiids in the St. Lawrence estuary was investigated using high frequency (104 kHz) echo integration. Most of the euphausiids were aggregated in a long (>l00 km) narrow (1 to 7 km) patch along the northern edge of the Laurentian Channel. Biomass in the patch was higher than 1 g dry wt m-2 and showed well-defined zones of a few km2 with higher biomasses (up to 22.2 g dry wt m-'). Mean density in the patch was -60 mg dry wt m-3. Euphausiids were found at depths varying between 50 and 175 m, often with large concentrations just above the bottom. The vertical distribution was characterized by 2 principal modes, at 75 and 150 m. In the first mode, Thysanoessa raschi was the dominant organism while in the second mode, Meganyctiphanes norvegica was dominant. Vertical and horizontal distribution patterns of temperature and salinity indicated that upwelling was occurring during the survey. It is suggested that the aggregation of euphausiids along one edge of the channel resulted from the interaction of the negative phototaxis of the animals with the upwehng and mean circulation in the area. The euphausiids were passively transported towards the north shore by the circulation, up to a boundary corresponding to a barrier imposed by underwater daylight penetration, where they accumulated. Thls resulted in the formation of a long narrow patch along bathymetric contours on the upwelling side of the Laurentian Channel in the St. Lawrence estuary.
INTRODUCTION
It has long been known that zooplankton is not evenly or randomly distributed in the sea, but rather aggregated in patches varying in size over a wide range of scales (see review by Haury et al. 197 8) . These aggregations are controlled by various environmental and biological processes acting on different time and space scales (Haury et al. 1978 , Longhurst 1981 , Owen 1981 , Mackas et al. 1985 . Since aggregation of food is necessary for efficient feedlng at all trophic levels, identification of aggregation mechanisms is of major importance for our understanding of energy flow in the marine food web, as well as of factors regulating the stability of marine ecosystems (Steele 1976 (Steele , 1978 .
The study of spatial organization of zooplankton at sea requires well-defined sampling strategies and adequate instruments to control the high level of variability inherent to plankton distribution (Denman & Mackas 1978 , Haury et al. 1978 , Herman & Platt 1980 Ortner et al. 1983) . One of the methods recently developed to study the spatial distribution of macrozooplankton is the use of high frequency echosounding to locate aggregations and estimate their biomass. Pieper (1979) and Sameoto (1980) have shown that this technique gives good estimates of euphausiid biomass. It has the main advantages of estimating zooplankton concentrations easily and rapidly in large volumes, and continuously in 2 dimensions (Denman & Mackas 1978 , Pieper 1983 . In this paper we use such a technique to study the distribution of euphausiids in the Lower St. Lawrence estuary. Our aim was (1) to estimate euphausiid biomass in the scattering layers, (2) to study distribution and aggregation in both horizontal and vertical dimensions, and (3) to investigate the mechanisms responsible for patch formation and maintenance. In agreement with Mauchline (1980) , we use the term 'aggregation' a s designating a grouping together of the animals; it does not, however, qualify the structure or the mechanism of formation. A 'patch' is an aggregation in a defined area, generated and maintained by environmental factors. An 'accumulation' is an aggregation where the animals are gradu-ally concentrated in response to mechanisms other than behavioral reactions between individuals.
METHODS
The sampling area was the upstream 110 km of the lower St. Lawrence estuary (Fig. 1) . The bathymetry in this area is characterized by the presence of a 300 m deep depression, the Laurentian Channel, w h c h communicates directly with the Gulf of St. Lawrence and the Atlantic ocean. This channel is bordered on both sites by coastal shelves < 100 m deep, except in the region upstream of Les Escournins where the north coast falls directly into the channel. Sampling was done along 5 transects between 22 and 26 July 1982, during the transition period from spring (4.5 m) to neap (3 m) tides. The positioning of transects ( Fig. 1 ) gave emphasis to measurements along the channel slopes, where a preliminary survey in May 1982 had shown higher zooplankton concentrations.
The scattering layers were continuously monitored with a Ross-805 echosounder, equipped with a 104 kHz transducer of 3.5" half-power beam width mounted into a towed fish. Towing speed was about 5 knots. Acoustic signals were digitized on board with a 12 bit analogldigital interface connected to an Apple I1 micro-computer, and the average of 112 signals (1 min) was recorded at 2 min intervals. All transect measurements started on the north shore and were carried out during daytime (from 0730 h EDT to 1830 h EDT), when the vertically migrating zooplankton was at its day depth. The recorded acoustic data series were regularly interrupted for CTD profiling (CTD Guildline-8750) and zooplankton sampling in the scattering layers. Additional CTD profiles were also made along the transects during the night, on the way back to the north shore. The positions of the 87 CTD profiles made during the survey are indicated in Fig. 1 . The zooplankton samples were collected using a modified opening/closing Tucker Trawl (Sameoto & Jarozynski 1976 ) with a 1 m2 mouth opening, a 570 ym mesh blue net and a flowmeter. Fishing depth was monitored with a Sea-Trace (Communications Associates Inc., Huntington, New York) acoustic depth monitoring system (a pressure sensitive transducer h k e d to a deck unit through a surface hydrophone). Towing speed was -3 to 4 knots, and the volume of water filtered averaged 300 m3 (range: 180 to 460 m3). The zooplankton samples were frozen (-20 "C) for later analysis in the laboratory. A total of 29 tows were made ( Fig. 1) .
Euphausiids in the zooplankton samples were sorted, identified, counted and weighed (dry weight). The acoustic data were used to compute the relative zooplankton biomass m-3 within the water column (p) according to the standard echo integration model (Burczynski 1979): where I, = echo intensity; I, = source intensity; r = range from the transducer (depth); a. = absorption coefficient of sound; p = relative zooplankton biomass (.) and net tows (0) tion of a zooplankter. Since I, V', for I. and U R E constant, we get:
where V = recorded raw voltage corrected for system noise. According to this model, the relative zooplankton biomass m-3 (p) is proportional to the squared voltage (V2) corrected for the decrease in sound intensity due to spreading (r4) and attenuation ( 1 0 '~) and for the insonified volume (r-2). T h s relative zooplankton biomass could then be transformed in an absolute estimate (mg dry weight m-3) by mean of a Linear regression on euphausiid biomass from net tows (Fig.  2) . The biomass of euphausiids m-2 was obtained by integrating over depth, from 30 m to the bottom. 
RESULTS
The horizontal dstribution of the biomass of euphausiids in the study area shows that they were m a d y concentrated in a long narrow patch along the northern side of the Laurentian Channel (Fig. 3) . Its length extended beyond the 100 km surveyed and its width varied between 1 and 7 km. The biomass within the patch was higher than 1 g dry wt m-? and showed well-defined zones of higher values at various locations, up to -22.2 g dry wt m-'. The densest zones (> 15 g dry wt m-2) were located off Les Escoumins and in the downstream section of the sampling area. The biomass outside of this elongated northern patch was distributed in very small patches of values higher than 1 g dry wt m-', which were enveloped in a narrow low-biomass (0.25 to 1 g dry wt m-') area along the For further analysis of the acoustic data, the study area was divided into 3 sections: the north, south and central sections of the transects (Fig. l) , which corresponded, respectively, to the 2 zig-zag parts and the central area of the channel. Statistics of the biomass distribution in these sections are presented in Tables 1  and 2 for each transect. The proportion of the water column inhabited by the euphausiids was generally low, except in the northern section of Transects A and D, where almost half of the water column had significant backscattering (Table 1) . This is partly responsible for the spatial variations in the estimated mean density (dry biornass m-3) over the whole water column (Table 1) . For all the transects, the mean density in the scattering layers (defined as a l l the biornasses >0.5 rng dry wt m-3) was consistently 3 to 4 times higher in the northern section than in the central or southern sections (Table 2 ). The distribution of the frequency of occurrence of densities in the scattering layers indicated that most of the volume of the aggregation was everywhere due to densities < 50 mg dry wt m-3. These low densities accounted for the major part of the total biomass in the central and southern sections, but to a minor part in the north (Table 2 ). There, a significant portion of the biomass was d u e to the small parts of the scattering layers with high densities (> 200 mg dry wt m-3). Maximum density recorded was 2.5 g dry wt m-3. The vertical distribution of the estimated biomass is shown in Fig. 6 for each section of the transects. The most important biomass profile (Fig. 6B ) indicated that the euphausiids in the dense patch off Les Escoumins were dstributed in 2 maln modes: the first at 75 m and the second at 150 m. One or both of these 2 modes were present in other areas (e.g. Fig. 6A, C, E, G ). An additional third mode around 100 m also occurred occasionally (e.g. Fig. 6E, F, J) . The vertical distribution of the total biomass compiled from all net catches in the study area (Fig. ?A, B) indicates that the first mode, at 75 m, was most probably dominated by Thysanoessa raschi and the second mode, at 150 m, by Meganyctiphanes norvegica. The modes at intermediate depths could correspond to a mixture of the 2 species. The euphausiids caught were adults with mean dry weight of 49.6, 21.6 and 9.3 mg ind-' for M. norvegica, T. inerrnis and T. raschi, respectively. Temperature profiles (Fig. 8) indicate that the depth of the first mode closely corresponded to the temperature minimum in the water column (-0 to 1 "C), and the second mode to temperatures greater than 2 "C. This is reflected in the frequency distribution of the biomasses of the 2 euphausiid genera against temperature (Fig. 7C, D) . Temperature minima in the water column tended to increase from -0.5 "C on the north to -2 "C on the south (Fig. 8) . The temperature profiles showed large variations caused by the horizontal variabihty, the non-synoptic sampling and temporal variability due to the internal tide (Forrester 1974 , Therriault & Lacroix 1976 . Sahnity profiles also showed a gradual change from the north to the south (Fig. 8) . This reflects the input of salt water from the Gulf of St. Lawrence on the north, and the vertical mixing and flushing of the brackish water of the Upper Estuary and Saguenay by a coastal jet on the south (El Sabh 1979 , Therriault & Levasseur 1985 .
The horizontal distribution of temperature and salinity at 0 and 10 m (Fig. 9) shows the coldest temperatures and highest salinities upstream, at the head of the Laurentian Channel, and along the south coast. Surface salinity and temperature patterns in the downstream section of the sampling area also appeared to have been under the influence of the plume of the Manicouagan and Outardes rivers, located on the north coast about 30 km downstream of the study area. At 20 and 30 m, the coldest temperatures and h g h e s t sahnites were found all along the north coast.
DISCUSSION

Euphausiid biomass estimates
Biomasses were estimated by mean of the linear regression between the volume scattering strength and the dry weight of the euphausiids caught by net tows (Fig. 2) . As pointed out by Pieper (1979) , errors in such estimates are mainly due to 2 factors: the vanabhty of the backscattering strength from a given euphausiid biomass and the accuracy of the correspondence with net data. Since backscattering from zooplankton is a function of the animal's size (McNaught 1968 , Greenlaw 1979 , Pleper & Holliday 1984 , a given weight of euphausiids nY3 can have various backscattering TEMPERATURE ( "C ) strengths in response to changes in the distribution of size of the individuals, i.e. the backscattering strength from 10 euphausiids each weighing 10 mg is not necessarily the same as the backscattering from a single euphausiid weighing 100 mg. Similarly, since euphausiids are directional scatterers (Greenlaw 1977) , a change in volume scattering strength could result merely from a change in the orientation of the euphausiids. This latter problem is minimized by sampling during the day (Sameoto 1980) . Correspondence between acoustic estimates and net catches is never perfect. Though simultaneous and close to one another, the parcels of water sampled by the echosounder and by the net were not exactly the same, because of horizontal spacing, lag, and difference in sample size between the 2 estimates. Since the scattering layers showed strong horizontal and vertical patchiness (e.g. Fig. 5A, B) , this lack of exact timespace correspondence could have entailed either too low or too high acoustic estimates compared to the net catches. This was evident in some net tows and can explain a part of the dispersion in Fig. 2 . Calibration of echosounding with net sampling should therefore be carried out in areas of low spahal heterogeneity in the scattering layer. Another source of variability is the fishing efficiency of the net, which is dependent on factors such as avoidance by organisms, inadequate net opening and flowmeter malfunctions. We have no evidence of poor net performance. Although the characteristics of this net (large mouth opening, free from bridle obstruction, dark-coloured netting, large mesh size) and the towing speed used would tend to minimize the avoidance problem, we cannot reject the possibility of such a bias. Evidence of avoidance of nets by euphausiids in literature is controversial (Clutter & Anraku 1968) . If it has occurred in our sampling, the bias caused by this source of error would have surely been overriden by the more important bias due to patchiness.
Despite all these important sources of error, the regression between the acoustic estimates and the net catches (Fig. 2) was good, the linear relation explaining 87 % of variance. Echosounding gives therefore estimates of the actual biomass of euphausiids as accurate as those from net sampling, but it has the additional advantage of allowing easy study of the 'grain' of the spatial distribution and, hence, the mechanisms controlling this distribution. The present results confirm Sameoto's (1976) observation that the sound scattering at 100 kHz in the St. Lawrence estuary is mainly due to euphausiids. Sameoto (1976 Sameoto ( , 1983 reported biomasses of euphausiids in scattering layers in the estuary and Gulf of St. Lawrence varying between 0.01 and 40 g wet wt m-3 and between 2.3 and 315 g wet wt m-2. Given a wet:dry wt ratio of 6 (81 to 87 O/ O water content; Mauchline 1980), the maximum biomasses reported by Sameoto are 2 to 3 times higher than our maximum values (15 g wet wt m-3 and 133.2 g wet wt m-2). The mean density found in the scattering layers along the north coast (60 mg dry wt m-3, Table 2 ) is similar to those reported for heavy scattering layers in the region in 1972 to 1974 (Sameoto 1976) but it is 1 order of magnitude lower than those observed in May 1976 (Sameoto 1983 : 660 to 1180 mg dry wt m-3). Densities reported by Pieper (1979 Pieper ( , 1983 for the scattering layers of California and in a fjord of British Columbia are similar to the present estimates for the St. Lawrence.
Spatial pattern of the aggregation
Most of the biomass of euphausiids in the study area was concentrated in a long narrow patch (-500 km2) along the northern edge of the Laurentian Channel (Fig. 3) . A larger proportion of the water column was inhabited by euphausiids there and the scattering layers were denser than elsewhere in the study area (Tables 1 & 2) .
The differential concentration of particles and organisms at sea depends on the combination of 2 factors: (1) the spatio-temporal structure of the currents, and (2) the properties of the particles (buoyancy, swimming speed and direction, and behavior) (Owen 1981) . For the first factor, the circulation pattern in the region favoured a transportation of euphausiids upstream and towards the north. The general mean circulation in the study area is cyclonic, with upstream currents in the northern half and downstream currents in the southern half (Ingram 1975 , El-Sabh 1979 .
At the head of the Laurentian Channel, a large amplitude internal tide (vertical range up to 120 m, Therriault & Lacroix 1976) is generated (Forrester 1974) and causes upwelling of deep water and intensive vertical mixing (Ingram 1975 , Therriault & Lacroix 1976 . The actual circulation at a given time can also be influenced by important semidiurnal, semi-monthly and other lower frequency fluctuations, and by cross-channel currents (Forrester 1974 , El-Sabh 1979 , Ingram 1979 , El-Sabh et al. 1982 . During the sampling period, deep water was upwelled at the head of the Laurentian Channel ( Fig. 9 ; 0 and 10 m) and along the north coast ( Fig. 9; 10 to 30 m) . This implies a mean flow in deep waters directed upstream accompanied by a cross-channel flow directed towards the north coast. This deep-water circulation pattern favoured transport of euphausiids upstream and towards the north shore.
In the surface waters, the temperature and salinity patterns (Fig. 9) were consistent with the above cyclonic circulation. The upwelled waters at the head of Laurentian Channel were then directed towards the south shore by the general surface cross-channel flow (Ingram 1979) and mixed with the brackish waters from the Saguenay and the Upper estuary (Ingram 1983 , Lebel et al. 1983 , before being flushed down along the south shore of the Estuary (El-Sabh 1979 , Therriault & Levasseur 1985 . This is supported by the horizontal and vertical distributions of temperature and salinity (Fig. 8, 9 ). A surface cross-channel flow directed toward the north coast was also probably present in the downstream half of the study area as suggested by the curvatures of the 7 "C and 29 "A isolines (Fig. 9) .
Following this general circulation pattern, the euphausiids in deep waters were transported upstream and towards the north coast in the northern half of the area during the day (16 h duration, from 0500 to 2100 h). At night, when a significant proportion of the euphausiid population was in the upper water column (see Simard et al. 1986 ), the euphausiids were also transported upstream along the north coast and downstream along the south shore, with a possible northern cross-channel transport in the downstream section of the study area.
The second factor which may have contributed to the accumulation of euphausiids in a dense patch along the north shore is the avoidance of underwater dayLight by the organisms. It is well known that diel verbcal migrations of scattenng layers in the sea are controlled by underwater light (e.g. Clarke & Backus 1956 , 1964 , Boden & Kampa 1958 , 1967 , Kampa 1975 . According to the model proposed by Forward et al. (1984) , animals swim upward in the dark, up to a particular isolume which stimulates a sinking response and, thus, acts as a barrier for vertical displacements. A similar hypothesis had been suggested by Pearre (1973) for chaetognaths. In support of this light-banier hypothesis are the observations of (1) a close correspondence between the depth of a particular isolume and the top of the scattering layer during diel vertical migrations (Boden & Kampa 1967) , (2) the verbcal movements of scattering layers during a total solar eclipse (Kampa 1975) , and (3) the observations of the negative phototaxis of the scattenng layers in the St. Lawrence in response to the first light of dawn (e.g. Fig. 5C ; see also Simard et al. 1985 Simard et al. , 1986 .
The present observations (Fig. 4 , 5 & 6) and those of Simard et al. (1986) in the same area immehately after the present survey suggest that one of the lightLimiting barriers was located at about the 40 to 50 m depth in the Estuary. The euphausiids would have accumulated upstream and along the north shore below the Light barrier, under upwelling conditions. Meganyctiphanes norvegica is known to inhabit greater depths (> 100 m) than Thysarioessa raschi (> 50 m) (Mauchline 1980) , as observed in this study (Fig. 6 & 7) and thus, the light limitation level might not be the same for the 2 species. Both species swim sufficiently fast (-1 to 5 cm S -' ; Hardy & Bainbridge 1954) to compensate for the vertical mean flow due to upwelling.
In addition to this mechanism, special hydrodynamic conditions associated with the channel slope could also have contributed to the accumulation of euphausiids (closed circulation, internal waves, pulsed intrusions of channel waters on the shelf and their interaction with the euphausiid behavior). Moreover, the association of Thysanoessa raschi with the coldest waters (Fig. 7A , also reported by Sameoto 1976 , Simard et al. 1986 ) could be a coincidence with an isolume but equally a real temperature preference. With the present data, it is not possible to discriminate between the 2 hypotheses but, if cold waters are actively sought by the organisms, the seasonal upstream advection of the cold intermediate layer from the Gulf of St. Lawrence (Ingram 1979) would also have led to higher concentrations of euphausiids in the Lower Estuary during the summer.
The light-scattering layers observed along the south shore of the channel (Fig. 3, Table 1 ) could result from the dispersion of the north patch at the head of the Laurentian Channel. Cross-channel currents (Ingram 1979) would drive parts of the patch to the south, where the organisms would be transported downstream by the rapid flushing circulation of the estuary. This turning circulation from the north to the south at the head of the channel is probably marked by important tidal fluctuations. These might cause periodicity in the evacuation pattern of small parts of the north patch, which could explain the presence of dispersed small patches of euphausiids on the south (Fig. 3) .
In conclusion, the most probable cause of accumulation of euphausiids along isobaths in the St. Lawrence estuary is the interaction between the upwelling and residual circulation and the negative phototaxis behavior of the euphausiids. The organisms are advected upstream and towards the north coast and accumulate along the channel slope in response to their avoidance of underwater light during the day. This patch is slowly dispersed at the head of the Laurentian Channel, where cross-channel currents drive a part of the euphausiids into the flushing jet of the estuary along the south shore. This general pattern is summarized in the schematic model presented in Fig. 10 . The degree of persistence of the aggregation as well as the transient or permanent nature of the upwelling is unknown. The June 1973 observations of Sameoto (1976) and our preliminary observations in May 1982 support, however, the fact that the horizontal pattern of euphausiids presented here is at least reproducible, and hence has a certain degree of permanence. Moreover, it has recently been shown from analysis of thermal patterns revealed by satelhte photographs (Lavoie et al. 1985) , that the upwelling pattern observed here is a common feature of the study area in the St. Lawrence estuary.
Higher concentrations of zooplankton at intermediate distances from the coast have been observed many times (e.g. Hargreaves 1978 , Pearcy 1976 , Witeck e t al. 1981 , Leis 1982 , Hampton 1983 , Rakusa-Suszczewski 1983 . Observations with high frequency acoustics (Macaulay et al. 1984 , Shulenberger et al. 1984 have recently shown that euphausiid aggregations were closely linked to shelf breaks. Macaulay et al. (1984) suggested that these aggregations resulted from active horizontal migrations of small patches merging, over the shelf break, into a short-living (2 to 3 d) large swarm, in response to changes in current velocity as the bottom shoals. Leis (1982) suggested that the coastal distribution of zooplankton along an island resulted from the combination of the die1 vertical movement of the organisms with a 2-layer circulation pattern and/or coastal eddies. Our results support that the formation of aggregations of vertically migrating zooplankton around bottom slopes is mainly due to the combination of the circulation at depth with their negative phototaxis. Since euphausiids are an important link in the marine food web these coastal aggregations are of major importance for higher trophic levels. Large concentrations of food are available for coastal pelagic fishes, and benthic fishes can take advantage of the high densities of euphausiids near the bottom during the day (see Isaacs & Schwartzlose 1965 , Pearcy et al. 1979 , Omon & Ohta 1981 . This could be an important factor in fish aggregation (see Isaacs & Schwartzlose 1965 , Pereyra et al. 1969 as suggested by our observations of numerous bottom fishes near the channel slope (Fig. 5B) . Also, the traditional habit of local fishermen to fish around the 100 m isobath in the area, and the summer aggregation of fin and blue whales off Les Escoumins are probably not fortuitous and may depend on this coastal aggregation of euphausiids in the St. Lawrence estuary.
